Abstract: The paper presents the results of comprehensive analyses concerning the phenotypic variability of the primary thallus in five chosen Cladonia species in relation to habitat conditions. Morphology and anatomy, as well as the cortex ultrasculpture, of primary squamules were examined in individual specimens from sunny and shady populations of each species. The Mann-Whitney U test and Principal Component Analysis (PCA) revealed several clear correlations between the type of habitat and the organisation of squamules. Significant differences refer mainly to anatomical features, especially to epinecral layer frequency and cortex thickness. On the contrary, examination of the surface ultrasculpture of squamules under SEM did not show any important differences between populations. Regardless of the habitat factors, a full range of cortical surface rugosity in samples from both habitats was noticed, and a high variability often refers to a singular squamule. The results indicate that some features are largely modified by environmental factors and/or depend on the development stage of individual specimens, and examination of these relationships should be the first step towards the evaluation of the taxonomic usefulness of the considered features.
Introduction
The lichens of the genus Cladonia are known for their dimorphism: firstly, they produce a primary thallus and then variously formed secondary thalli, called podetia. The presence and appearance of these kinds of thalli depend on the particular species and the development stage of the individual specimen. The primary thallus can be conspicuous or evanescent; if present, it usually appears in a form of more or less horizontal squamules, stratified on the transverse section. Podetia are frequently formed; however, there are many species with poorly developed and/or even absent secondary thalli. In this case, species recognition has to be based only on the character of the primary squamules. The taxonomy of the genus is based on morphological features combined with the chemical patterns of the taxa. Because both the morphology and chemistry of many Cladonia groups are highly diverse (e.g., Ahti 2000; Osyczka 2011 Osyczka , 2012 Osyczka & Skuba la 2011) , molecular methods are often applied to clarify taxonomic problems (e.g., Stenroos at al. 2002; Dolnik et al. 2010; PinoBodas et al. 2010; Pino-Bodas et al. 2012 , see the literature cited herein). Despite the obtainment of molecular data, it is still often difficult to establish whether some features are characteristic only for a particular taxon or depend largely on habitat conditions. Environmental conditions often modify the organisation and structure of lichen thalli. Some features highly depend on abiotic factors, such as insolation, humidity and thermal fluctuations. The ability of some lichen species to adapt to various microhabitats can be considerable and is frequently manifested by a clear eco-morphological differentiation (Pintado et al. 1997 and literature herein). Noticeable modifications can be observed within one species (see Büdel & Scheidegger 2008) . This concerns, in particular, members of the genus Cladonia, which have high phenotypic plasticity, and their variability is often induced by environmental factors, as well as the developmental stage of individual specimens (Ahti 2000 , Osyczka et al. 2007 .
Examination of the modificatory variability within Cladonia is crucial for the evaluation of the taxonomic usefulness of particular characteristics. This study concerns five taxa having persistent primary squamules, viz. C. cariosa (Ach.) Spreng., C. cervicornis subsp. verticillata (Hoffm.) Ahti, C. foliacea (Huds.) Willd., C. phyllophora Hoffm., and C. symphycarpa (Flörke) Fr. All of these are confined to rather open and dry situations, such as psammophilous grasslands, sand dunes 
Material and methods
The lichen material was collected in the summer season of 2011 during a phytosociological field study concerning psammophilous grasslands of the upland regions in southern Poland. Two habitats with different conditions were appointed for each species; for the detailed origin of the examined samples, locations of the sites and characteristics of habitats see Table 1 . Twenty-five samples of each species were taken from both kinds of habitats. One sample equals a small cluster of primary squamules and podetia, if present. Specimens were chosen randomly and it can be assumed that they generally represent various development stages. The samples were morphologically identified in line with the descriptions given by Ahti (2000) , Ahti & Hammer (2002) and James (2009) ; nomenclature is given according to MycoBank (2012) . The chemical composition of the lichen substances was analysed using TLC, in solvent systems C and G, following Orange et al. (2001) . The lichen samples, regardless of habitat, are chemically homogeneous within the species.
The following morphological/anatomical features were taken into account; abbrev. of characteristics in parentheses: length (SL), width (SW) and thickness (ST) of squamule, thickness of cortex (CT), thickness of algal layer (ALT), thickness of medulla (MT), epinecral layer frequency (ELF) and thickness of epinecral layer (ELT). All these metric fea- Table 2 . Statistical analyses were performed using Statistica 10 (StatSoft Inc.). The normality of distribution features was verified by Lilliefors and Shapiro-Wilk tests; some of the variables proved not to be normally distributed, even after log transformation. Therefore, the obtained morphological and anatomical data were analysed using the MannWhitney U test. Principal Component Analysis (PCA) was performed for all variables and was based on the correlation matrix. This analysis was conducted to determine the features which are most strongly correlated with the first three principal components and to separate the studied habitat groups of particular taxa. As a result, the position of objects (individuals) in a multidimensional space, without any preliminary a priori assumptions, is illustrated. PCA was carried out on two data matrices separately. Matrix 1 comprises Cladonia cariosa and C. symphycarpa, and matrix 2 includes the other species. The division into two matrices was dictated by the relatedness of the species and was applied in order to achieve clearness of the results and scatter plots. Table 3 presents morphological/anatomical measurements and observations for particular species sampled from two different habitats. The results of the MannWhitney U test are provided in Table 4 . Some findings should be underlined. Generally, the anatomy of primary squamules depends on habitat factors greater than their morphology. The epinecral layer frequency and cortex thickness significantly differentiate the ecopopulations in the case of as many as three species. The algal layer, medulla and epinecral layer thickness, as well as squamule length, also proved to be variable depending on the habitat, but the significant plasticity of these features has been revealed only for the sin- gular species. The squamule width and overall squamule thickness are always relatively stable for the taxa, regardless of the habitat. Considering the intraspecific variability, primary squamules of Cladonia phyllophora and C. foliacea are the most phenotypically dependent upon habitat factors. According to the PCA performed on matrix 1, and considering the features modified by the microhabitat, a third axis separates the two habitat groups of both species. This axis is influenced mostly by the frequency of the epinecral layer (Fig. 1) . The analysis based on data from matrix 2 demonstrates a clear distinction between the two habitat groups only in the case of Cladonia phyllophora. Five features (SL, SW, ST, CT, NT) were the most important for separation along the first axis and the algal layer along the second one. The habitat groups of the other species are not so differentiated (Fig. 2) .
Results
Generally, a full range of cortical surface rugosity, from entirely smooth, through slightly rugose, to strongly fissured and cracked, was observed under SEM in all the considered species. It is important to note that this ultrasculpture diversity relates to the squamules originating from the singular sample (Figs 3-7) . None-specific patterns of squamule ultrasculpture were recognised, which could correlate with the habitat. In some cases, high variability of the cortex surface was even observed within one squamule (Figs 4c and 7e ).
Discussion
The huge modificatory variability of many lichens allows them to adapt to diverse environmental conditions and to colonise various habitats. Microclimatic factors Fig. 3 . Cladonia cariosa -sample from Site 1, Habitat 2; a, b: transverse sections of primary squamule, scale = 40 µm (e -epinecral layer). c-f: range of the primary thallus surface ulrasculpture, SEM micrographs, scale = 100 µm.
may modify and even affect the development of some features, both morphological and anatomical. Different eco-morphological populations for the lichen species were observed and correlated with their specific habitat (e.g. Tretiach & Brown 1995; Pintado et al. 1997 ; Rikki- such plasticity was found to be associated with the influence of environmental factors and/or development stage and maturity of individuals (Ahti 2000; Osyczka 2005) .
There are aggregates of Cladonia in which the character of primary squamules has been considered as fundamental -or at least important -in related taxa diagnosis, e.g. the C. cariosa, C. cervicornis, C. coniocraea, C. digitata, C. foliacea and C. pyxidata groups. Recently, taxonomic problems have tried to be resolved by means of molecular studies (e.g. Kotelko & PierceyNormore 2010; Pino-Bodas et al. 2010; Pino-Bodas et al. 2011; Pino-Bodas et al. 2012) . Some of these papers suggest that the characters are apparently modified by environmental conditions or they can be dependent on the stage of development of individuals. Nevertheless, the plasticity of features is often not taken into account if the obtained monophyletic linkages have to be somehow explained by their phenotypes. In such case, there is a risk that ascertained features are overinterpreted from a taxonomic point of view. Therefore, study on phenotypic plasticity, particularly on the basis on neighbouring populations and those having the same life history, seems to be essential for understanding the sources and ranges of variability.
The main factor differentiating the two types of habitats considered here is their exposure to sunlight and, as a consequence, local daily humidity and temperature fluctuations. Important, mainly anatomical, differences in the organisation of primary squamules between populations from contrasting habitats have been found in our study (Figs 1 and 2) . The epinecral layer proved to appear more frequently in the C. cariosa, C. symphycarpa and C. phyllophora populations from fully open situations (Table 3) . Additionally, we observed that in such places, this layer is more continuous and somewhat thicker. We would assert that the presence of an epinecral layer is an individual feature of the specimen or may even vary within the singular squamule (e.g., Figs 3, 4, 5) . Therefore, we cannot confirm the taxonomic value of this feature, as was recently found in the C. cariosa group (Pino-Bodas et al. 2012) . In a general context, an upper cortex with an epinecral layer appears in the species, or in some specimens of the same species, which exist in a sunny and fully exposed habitat; the structure serves as a protective function (Büdel & Lange 1994; Büdel & Scheidegger 2008) . Cladonia foliacea and C. cervicornis subsp. verticillata form an outer epinecral layer sporadically (Figs 5 and  7) . However, in sunny populations of both taxa and C. phyllophora, a relatively thicker cortex was noted. One of the functions of this layer is protection of the photobiont against excessive light (Jahns 1988; Kappen 1988) . Besides the aforementioned clear anatomical modifications, a thicker algal layer and thicker medulla were observed in shady populations of C. foliacea and C. phyllophora, respectively (Table 3) . However, these correlations are relatively weak (Table 4) . Considering the morphology, the squamules proved to be significantly longer for specimens of C. foliacea from sunny sites (Table 4) . They refer somewhat to intermediate forms between C. convoluta (Lam.) Anders and C. fo- liacea (Burgaz et al. 1993 ). According to Pino-Bodas et al. (2010) , the molecular and morphological data does not delimit the two species within the C. convoluta/C. foliacea complex. Moreover, morphological diversity was suggested as a phenotypical response to environmental conditions (Litterski & Ahti 2004; PinoBodas et al. 2010) .
Inspection of primary squamules under SEM did not show important differences in the cortex ultrasculpture between populations from different habitats. Furthermore, a full range of cortical surface rugosity within one sample was sometimes observed (Figs 3-7) . Although the taxonomic value of the cortical surface under SEM in the C. cariosa group was appointed (Pino-Bodas et al. 2012), our results contradict this thesis. Presumably, fractures on the surface of squamules are connected with physical processes, for example associated with their growth and/or swelling during water absorption. Thus, the sculpture of the cortex can be explained by theories related to the strength of materials (e.g. Schijve 2009 ). When examining crosssections stained with a lactophenol blue solution and under SEM, fungal hyphae with strongly gelified walls in a number of areas of the cortical layer can be seen (Fig. 8) . The pressure arising from the inside of the squamule causes the development of cracks and fissures in a rigid and low elastic cortex. This process can be accelerated by the so-called notch effect (e.g. Pluvinage & Gjonaj 2001) . When the notch radius is smaller, or the end of the notch is sharper, then the stress concentration is higher at this point, and the process of further cracking is more likely (Fig. 8) . In addition to these, there are many other processes, e.g. bending, torsion, which could affect the cortex.
Finally, the phenotypic variability of specimens of Cladonia can be heavily induced by environmental factors and growth phases and is not necessarily a reflection of their genotype (Ahti 2000; Kotelko & Piercey-Normore 2010) . Due to this high plasticity, taxonomic evaluation of the significance and usefulness of some features is not possible without taking into account these facts. This particularly concerns continuous features, inherently variable, whose development state could depend on the sum of various factors.
